Leaf end abutment is seldom studied when delivering segmental intensity modulated radiation therapy ͑IMRT͒ fields. We developed an efficient leaf sequencing method to eliminate leaf end abutment for segmental IMRT delivery. Our method uses simple matrix and sorting operations to obtain a solution that simultaneously minimizes total monitor units and number of segments without leaf end abutment between segments. We implemented and demonstrated our method for multiple clinical cases. We compared the results of our method with the results from exhaustive search method. We found that our solution without leaf end abutment produced equivalent results to the unconstrained solutions in terms of minimum total monitor units and minimum number of leaf segments. We conclude that the leaf end abutment fields can be avoided without affecting the efficiency of segmental IMRT delivery. The major strength of our method is its simplicity and high computing speed. This potentially provides a useful means for generating segmental IMRT fields that require high spatial resolution or complex intensity distributions.
I. INTRODUCTION
Segmental intensity modulated radiation therapy ͑IMRT͒ delivers radiation through sequentially irradiating a series of field segments. Minimizing total monitor units or minimizing number of field segments are two major goals for segmental IMRT delivery. The total monitor units determine the accumulative beam-on time. Therefore minimizing total monitor units is important for improving radiation workload and reducing room-shielding burden for IMRT delivery. On the other hand, the number of field segments determines the accumulative intersegmental beam-off time. If a system requires substantial intersegmental delay for recording verification or machine status preparation, then the total number of field segments will directly affect the treatment delivery time. Simultaneous minimizing monitor units and the number of segments is also important in reducing wear and tear of machine hardware particularly the leaves of a multileaf collimator ͑MLC͒ system.
Many studies have been carried out investigating leafsequencing approaches for minimizing either total monitor units or the number of segments for generating segmental IMRT fields. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In general, there are two approaches: one is to use a direct method that is based on selection rules to obtain leaf sequences. [1] [2] [3] 6, [9] [10] [11] [12] [13] 15, 16 Another approach is to use an iterative trial and error search method. 4, 5, 7, 8 Because the search space for generating a leaf sequence is large for clinical intensity maps, 15 the direct approach generally produces faster solution than the exhaustive search method. However, the exhaustive search method tends to find better solutions than the direct method, which is confirmed by several previous studies. 3, 4, 8, 11 In particular, the existing direct methods that minimize the total monitor units have been found to produce excessive number of segments and vice versa.
In this study, we aim to develop a direct method that simultaneously minimizes accumulative monitor units and the number of leaf segments. In particular, we investigate the feasibility of eliminating leaf end abutment without compromising the delivery efficiency in terms of total monitor units and the number of segments. The leaf end abutment segment occurs when two segment fields abut each other along the moving direction of the MLC leaf. This is similar to the match-line problem in standard radiation therapy. This situation is dosimetrically undesirable especially when the leaf end is curved or secondary backup jaws are involved for shaping a segment field boundary. We found that this effect sometimes contributes significant dose variations for clinical IMRT cases. 17 In order to benchmark the performance of our method, we implemented an exhaustive search method that obtains the ''ideal solution,'' i.e., the minimum total monitor units or the number of field segments without any constraints inclusive of leaf end abutment. The exhaustive search method follows the same approach as the previous study. 4 In addition, we compared our method with the sliding-window Bortfeld method intended for the MLC systems that impose no leaf motion constraints. 1 We also investigated the tongue and groove effects for the solutions produced through our method.
In the following sections, we first describe the method for eliminating the leaf end abutment effects. Next we present the results on the total monitor units and the number of leaf segments as well as the results of the tongue and groove effects. The discussion of the results and the conclusion of our study are presented in the final section.
II. METHOD
Our method is based on the algebraic interpretation of the fluence map of the IMRT field. 10 Given fluence map I whose element I i j represents the intensity for the ith MLC leaf pair (iϭ1,2,...,K) at the jth position ( jϭ1,2,...,Nϩ1), where K is the number of leaf pairs and Nϩ1 is the number of leaf positions. For this study, the first element of each row is set to be zero, i.e., I i1 ϭ0. Therefore, if an intensity matrix starts with nonzero elements, we need to pad a column of zeros to its left.
We first define a difference matrix A, i.e.,
AϵIW, ͑1͒
where W is given as follows:
where Nϩ1 is the total number of columns in I. From Eqs. ͑1͒ and ͑2͒, each element of A i j represents the difference between two adjacent columns of I, i.e., A i j ϭI i j ϪI i jϩ1 (1 р jрN). However, for the last column A i,Nϩ1 ϭI i,Nϩ1 . From the definition of A i j , we have
From Eq. ͑4͒, I i j is simply given as the sum of a series of A i j elements. Since A i j is either positive or negative, we can further designate positive A i j to be the intensities delivered via right leaf pairs, and negative A i j to be the intensities delivered via the left leaf pairs. In this way, we render the task of finding appropriate leaf sequences for I i j to the task of finding appropriate paring combinations of positive and negative A i j elements. We determine the pairing combinations of positive and negative A i j elements as follows:
Ͼm. , and A in with 0. ͑5͒ Go to step ͑1͒, and repeat until A becomes zero to obtain a series of segment monitor units ͕S͖ leaf pair i. ͑6͒ Loop over i for all active leaf pairs.
From the above procedure, we generate a series of segments for every leaf pair that can be delivered independently.
Since
Nϩ1 A i j ϭ0. This means that the sum of positive A elements equals the sum of negative A elements for the ith leaf pair. As a result, all the positive A i j can be paired with all the negative A i j without any leftover elements based the above procedures. Additionally, 10 the sum of all positive A i j yields the total monitor units MU i for the ith leaf pair, i.e.,
Nϩ1 A i j ; ᭙A i j Ͼ0. From steps ͑1͒ and ͑2͒, we have m n as A im Ͻ0, but A in Ͼ0. Because the negative A i j specifies the left leaf pair position and the positive A i j specifies the right leaf pair position, there is no overlap between the left and the right leaf positions. As a result, the leaf end abutment is avoided among all segments based on the above pairing procedure. Now the question is how to arrange these segments associated with individual leaf pairs to form a series of deliverable field segment apertures. We used the following procedure:
, where MU i is the sum of A i j Ͼ0 for the ith leaf pair. ͑2͒ Loop over i, if MϾMU i , then add a ''dummy segment '' for ith leaf pair whose segment MU equals (MϪMU i ). However, the field is completely blocked by either left or right leaf for such a ''dummy segment.'' For Varian MLC, this can be achieved by simply sweeping the MLC leaves under a primary jaw. ͑3͒ Sort segment monitor units ͕S͖ of each leaf pair from the largest to the smallest. ͑4͒ Find among all leaf pairs the minimum of the largest segment monitor units, i.e., among all the rows of A matrix. ͑5͒ Deliver segment MU of step ͑4͒, e.g., by subtracting the segmental MU of step ͑4͒ from the first segmental MU of step ͑3͒. ͑6͒ Go to step ͑3͒ and repeat until M reduced zero.
This completes the leaf sequence of our algorithm. The total monitor unit M is known to be the minimum monitor unit based on the previous work. 7, 9, 10 The use of dummy segment equalizes the total monitor units for each leaf pair delivery. Since steps ͑3͒-͑6͒ of the above-mentioned procedure impose no constraints and each step delivers the maximum segment monitor units and the total segment monitor units is constant, therefore the algorithm produces the mini-mum number of steps or segments from the principle of greedy algorithm. It should be noted that the minimum number of segments of the above procedure is a ''constrained'' solution that eliminates the leaf end abutment effects. It is unclear how this solution fares as compared with the unconstrained solution without considering the leaf end abutment effects. To answer this question, we implemented an exhaustive search method for finding the unconstrained optimum solution. The details of the method are given in Ref. 4 .
Furthermore, we investigated the tongue and groove effects for the solution of our algorithm. We use the following parameter, tongue and groove distance ratio ͑TG͒, to measure the TG effects, i.e.,
where t m is the distance when the leaf tongue portions are irradiated within the field for the mth segment, g m the distance when the leaf groove portions are irradiated within the field for the mth segment, tg m is the overlap distance of tongue and groove portions between mth segments with other segments. This definition is illustrated in Fig. 1 . In the figure, we assigned the tongue area to be the top edge of a MLC leaf pair and the ''groove'' area to be the bottom edge of a MLC leaf pair. Suppose the tongue area of the mth segment is exposed with a distance ͑t͒ and subsequently the groove area along the same leaf pair is exposed when delivering the nth segment, then the overlapping distance (tg) between the two segments indicates the underdose tongue and groove ͑TG͒ effect. Since the absolute value of tg depends on individual intensity distributions, the TG ratio of Eq. ͑5͒ normalizes the overlapping distance to allow comparison among different intensity distributions. The use of tongue and groove distance for TG effects is also discussed in Ref. 18 . The algorithm is straightforward to implement. It composes about 30 lines of codes in MATHEMATICA or a few hundred lines of codes in C. Because of its simplicity, the algorithm has a high calculation speed. A large matrix of 1000ϫ1000 in size with 1000 intensity levels can be finished within 1 s on a Pentium V personal computer under Microsoft Visual Studio package.
III. RESULTS

A. An example case
To illustrate our algorithm, we use the following intensity matrix as an example, i.e., 
Iϭ
͑5͒
We have
After pairing positive and negative elements for each row, we have the following sequence S:
where each element denotes the segment intensity value with numbers in the lower right parentheses indicating the left and the right leave position. For example, the first element 2 (3, 4) means delivers 2 MU by setting the left leaf to cover up to the third element of the first row ͑i.e., between 6 and 8 of first row͒, and the right leaf to cover from the fourth element ͑i.e., between 8 and 3 of first row͒. After this, the first row of the A matrix becomes ͕Ϫ1,Ϫ5,0,3,3͖.
Next, we sum all the elements along each row, i.e., we have ͕2ϩ3ϩ2ϩ1,2ϩ1ϩ1,2ϩ5ϩ2,3ϩ1ϩ2ϩ1͖ϭ͕8,4,9,7͖. Therefore, the largest MU is 9 for the entire sequence. We then add dummy element ͕9Ϫ8,9Ϫ4,9Ϫ7͖ϭ͕1,5,2͖ to the first, second, and fourth rows of S. Then sorting each row of S, we have
where the number in bold represents the dummy segment. For simplified notation, we omit the leaf pair positions in the lower right brackets for the subsequent calculations.
For the first aperture, we deliver 3 MU, i.e., the minimum of first element of each row. Subsequently, S is reduced to 
͑10͒
Similarly, we deliver 2 MU, 1 MU, and 1 MU sequentially to reduce S to zero. This yields the entire aperture delivery sequence of ͕3,2,2,1,1͖ with a total of 9 MU and 5 segments. The reduction of the intensity matrix I from this sequence is as follows: In this case, both accumulative monitor units and the number of segments are the same as the unconstrained cases. Interestingly for this simple case, there are multiple solutions as shown from previous studies. 3, 16 
B. Clinical cases
We applied our method for 20 clinical intensity distributions. We group these cases based on its complexity. The complexity for each intensity distribution is defined by its standard variation, i.e., the ratio of the standard deviation and its average value. The results of these cases are summarized in Table I. From Table I , our algorithm produced the same number of monitor units as unconstrained solution for the unconstrained cases. The number of segments for our algorithm is typically one or two segments greater than the unconstrained minimum value.
It should be noted that an unconstrained solution for the minimum number of segments ͑column 4 of Table I͒ typically produces higher monitor units than the unconstrained minimum value ͑column 7 of Table I͒ . Similarly, a solution for the minimum monitor units ͑column 7 of Table I͒ typically produces higher number of segments than the unconstrained minimum value ͑column 4 of Table I͒. We generally found that if we only minimize the monitor units, there are a large number of solutions that can produce a wide range of number of segments. However, if we only minimize the number of segments, the total monitor units for the solutions tend to vary less dramatically. This indicates that the number of leaf segments is a ''harder'' constraint than the total number of monitor units for leaf sequencing. From the results of Table I , it is evident that our solutions without leaf end abutment are capable of producing results of equivalent delivery efficiency as the unconstrained solutions.
C. Tongue and groove effects
We calculated the tongue and groove effects of our method for the same clinical cases of Table I using Eq. ͑5͒. For comparison, we also calculated the tongue and groove effects for another independent leaf sequencing algorithm that specifically minimizes the tongue and groove effects through leaf synchronization technique. 9 The results are given in Fig. 2 .
From the results of Fig. 2 , the tongue and groove effects do not show significant variations with increasing complexity of the cases. We can observe slightly more tongue and groove effects for our method for several cases with relatively low complexity, but the overall tongue and groove effects are similar between the two approaches. This result is understandable since the process of adding dummy segments in our method is effectively similar to synchronizing the MLC leaf motion through equalizing monitor units among the MLC leaves during the delivery.
IV. DISCUSSION
We have developed a simple and efficient leaf-sequencing approach that eliminates leaf end abutment effects while simultaneously minimizing the total monitor units and the number of segments for segmental IMRT delivery. Our method provided equivalent results to the unconstrained optimal solutions. We conclude that leaf end abutment can be avoided without affecting the efficiency of segmental IMRT delivery.
Our study demonstrated that it is possible to simultaneously minimize the total monitor units and the number of segments with a direct leaf sequencing method. We found that minimizing the number of segments is closely correlated to minimizing the total monitor units.
The results of our study potentially provide a useful starting point when considering additional leaf motion constraints such as interleaf digitization and minimum gap. A simple method for including these constraints is by dividing a segment into separate deliverable parts when the motion constraint is enforced. However, the drawback of such an approach is that it may not produce optimal solution for the problem. Additionally, our algorithm permits the MLC leaves to move bilaterally. This potentially increases the maximum leaf travel distance per individual segment as compared with the sliding-window Bortfeld technique. However, this increase is also compensated by the reduced number of segments and the total beam-on time.
The major strength of our method is its simplicity and high calculation speed. This allows for a large number of iterations when an intensity distribution needs to be repeatedly adjusted during the inverse treatment planning process. This will provide a useful means for delivering intensity maps with high spatial resolutions or complex distributions.
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